We have determined the nucleotide sequences of two regions within the A+T-rich region of mitochondrial DNA (mtDNA) The tendency is obvious in a subregion within the type II repeat element in the A region. These findings suggest that the rate of nucleotide substitution in the subregion is accelerated in the lineage leading to D. melanogaster. Loss of functional constraint in the stem-loop-forming sequence is proposed for this acceleration.
Introduction

Mitochondrial
DNA (mtDNA) in most metazoan animals is a circular molecule which contains genes for only 13 proteins, 2 ribosomal RNAs, and 22 transfer RNAs. No intron has been observed within any of those genes, and intergenic sequences are extremely short or nonexistent (Wolstenholme 1992; Boore et al. 1995) . The only large noncoding region within the mitochondrial genome is the control region. In mammals and amphibia, some signals are located within the control region for the replication initiation of one of the two strands (H-strand) and for transcription of both strands (H-and L-strands). The nuclear genome encodes all proteins that are indispensable for the replication and transcription of the mitochondrial genome. The control region provides major sites for interactions between mitochondrial and nuclear genomes. For mammalian mtDNA, such as in human and mouse, functions of the control region in mtDNA replication and transcription have been extensively studied (for a review, see Clayton 1992) . Despite the important functions for mtDNA and mitochondria, the control region is known to have a higher level of sequence variation than the other regions of the genome. It has often been used for phylogenetic analysis due to the high level of variability (e.g., Aquadro and Greenberg 1983; Cann, Brown, and Wilson 1984; Foran, Hixson, and Brown 1988; Horai and Hayasaka 1990) .
In Drosophila, a large single noncoding region is called the A+T-rich region, since its sequence is highly rich in adenine (A) and thymine (T). The replication origin has been mapped within the region as in the case of the control region in mammals (Goddard and Wolstenholme 1978, 1980) . The size of the A+T-rich region varies in length from 1 to 5 kb between species and also varies within species (Fauron and Wolstenholme 1976 , 1980a , 1980b . Most of the mtDNA length variation described so far is due to insertions/deletions and variations in the copy number of short tandemly repeated sequences within this region (Shah and Langley 1979; Fauron and Wolstenholme 1976, 198Ou, 1980b; Solignac, Monnerot, and Mounolou 1983 , 1986a , 1986b Barrio et al. 1992) . The nucleotide sequences of the A+T-rich region have been reported for species possessing the relatively short A+T-rich region: D. yukubu, D. virilis (Clary and Wolstenholme 1987) , D. teissieri (Monnerot, Solignac, and Wolstenholme 1990) , D. obscuru, and D. umbiguu (Monforte, Barrio, and Latorre 1993) . Recently, Lewis et al. (1994) have reported the nucleotide sequence of the 4.6-kb A+T-rich region of D. melunoguster and indicated two large arrays of tandemly repeated sequence elements. By comparing the sequence with other species, it was found that a highly conserved region among Drosophila species was also present in D. melunoguster.
Within the melunoguster species subgroup, two groups with the short and long A+T-rich regions are included. Drosophila yukubu belongs to the short group, and D. melunoguster belongs to the long group. Drosophila simuluns and D. muuritiunu are species closely related to D. melunoguster, and they possess the long A+T-rich region revealed from restriction analyses. Each of the two species is composed of cytoplasmic races, three for D. simuluns and two for D. muuritiunu (Solignac, Monnerot, and Mounolou 1986u) , which provide interesting materials for the evolutionary study of mtDNA. Extensive restriction analysis was carried out by Solignac, Monnerot, and Mounolou (1986u) , and length variation in the A+T-rich region within the melunoguster species subgroup was also examined (Solignac, Monnerot, and Mounolou 1986b) . Sequence anal-ysis of mtDNA does not seem to be satisfactory in this subgroup, however (Satta and Takahata 1990; Kaneko et al. 1993; Ballard and Kreitman 1994; Rand, Dorfsman, and Kann 1994) . Especially for the A+T-rich region, sequence analysis has been virtually impossible until the nucleotide sequence of D. melanogaster is available.
To understand the evolution of the long A+T-rich region with repeated elements, we determined the nucleotide sequences of two regions within the A+T-rich region of D. simulans and D. mauritiana and compared them with corresponding regions of D. yakuba and D. melanogaster. This is the first analysis for the A+T-rich region at the nucleotide level among D. melanogaster and its closely related species. The present results revealed an unusual nucleotide divergence pattern in the four species.
Materials and Methods
Species and Strains
Isofemale strains of D. simulans (S1259) and D. mauritiana (g20), which were established from single females from wild populations, were used. The SI259 strain of D. simulans was derived from Reunion (St. Denis), and the g20 strain was derived from Mauritius (Port Louis). SI259 belongs to the siII1 cytoplasmic race and g20 belongs to the ma1 cytoplasmic race. The two races share the nucleotide sequences of mtDNA and have extremely high homology (Satta and Takahata 1990) .
Cloning and Sequencing of DNA Segments Within the A +T-rich Region
Mitochondrial
DNA was extracted from adult flies as already described (Satta, Ishiwa, and Chigusa 1987) , using an isofemale line newly established from an original strain for each species. By digesting intact mtDNA with HindIII, HaeIII, and XbaI, a 4.9-kb Hind111 B fragment containing the entire A+T-rich region was purified through gel electrophoresis in low-melting-point agarose and a column ,described by Koenen (1989) .
To clone a DNA segment containing a part of the A+T-rich region adjacent to the tRNA1le genes, HpaI digests of the Hind111 B fragment were directly ligated into a pTZ18R or pTVl18N vector digested with Hind111 and then SmaI or HincII. The second segment, containing a central portion of the A+T-rich region, was first amplified by polymerase chain reaction from the Hind111 B fragment, and then the PCR product was used for cloning. PCR reactions were carried out using the oligonucleotides 5'-GTTACCATTTTTGGATTGTG-3' and 5'-CTGATAACTTATTCCCCTA-3' as primers, based on the nucleotide sequences of D. yakuba mtDNA (Clary and Wolstenholme 1985) . The reaction was carefully performed using a DNA thermal cycler (Per-kin Elmer), in 100 ~1 containing 50 mM KCl, 10 mM Tiis (pH8. were 4 min at 94"C, 1 min at 37°C or 32"C, 1 min at 55"C, and 1 min at 72°C for one cycle, and 15 s at 94"C, 30 s at 42°C or 32"C, and 30 s at 72°C for 30 cycles. PCR products were treated with T4 DNA polymerase and ligated into a pTZ18R or pTVl18N vector digested with SmuI.
Several deletion mutants were constructed for each DNA clone by Deletion Kit for Kilo-Sequence (TaKaRa). The DNA sequences were determined at least three times for each clone by the dideoxy chain termination method (Sanger, Nicklen, and Coulson 1977) , using primers commercially available and BcaBESTTM Sequencing Kit (TaKaRa). The two segments and the sequence strategies are shown in figure 1.
Sequence Analysis
Nucleotide sequences of D. simulans and D. mauritiana were aligned with the sequences of the corresponding regions of D. melanogaster (Lewis et al. 1994) and D. yakuba (Clary and Wolstenholme 1985) by GE-NETYX software (version 7.3) and by eye. The numbers of nucleotide substitutions were estimated by the method of Tamura (1992) , taking into account an extremely high proportion of A and T within the A+T-rich region.
Results
Structure of the A+T-rich Region in D. simulans and D. mauritiana
Approximately 750-bp and 440-bp segments in the A+T-rich region were cloned and sequenced in D. simulans and D. mauritiana ( fig. 1) . The total numbers of nucleotides determined are 774 for D. simulans and 776 for D. mauritiana. These sequences are almost identical except for the nucleotide sites described below. The nucleotide sequences are aligned with the corresponding regions of D. melanogaster (Lewis et al. 1994) and D. yakuba (Clary and Wolstenholme 1985) (figs. 2 and 3). In the region adjacent to the tRNA1le gene (called A region), the total numbers of nucleotides determined are 338 bp in D. simulans and 341 bp in D. mauritiana. These two sequences show one nucleotide substitution and three insertions/deletions ( fig. 2 ). Two types of conserved DNA elements were found in the two species. The first element is a T-stretch located close to the tRNAiLe gene, although the numbers of T's are different These results are clearly different from those obtained in the coding sequences of Drosophila mtDNA (Clary and Wolstenholme 1985; Satta, Ishiwa, and Chigusa 1987) and mammalian mtDNA (Brown et al. 1982 ). The numbers of nucleotide substitutions per nucleotide site are estimated using the method of Tamura (1992) , taking into account the extremely high proportion of the A+T content of the regions. Indeed, the proportion of the A+T content is 94% for both D. simuluns and D. muuritiunu in the regions examined in this study, 96% in D. melunoguster (Lewis et al. 1994) , and 93% in D. yukubu (Clary and Wolstenholme 1985) for the whole A+T-rich region. The estimated numbers of nucleotide substitutions per nucleotide site are indicated in table 3, along with the cases for the third codon positions in the CO1 gene of mtDNA (Satta and Takahata 1990) and the Adh gene of the nuclear genome (Jeffs, Holmes, and Ashburner 1994) . For the protein-coding genes, substitutions between D. yukubu and the two species, D. simuluns and D. muuritiunu, are similar to those observed between D. yukubu and D. melunoguster. This pattern of substitutions has been generally observed in many nucleotide sequence analyses (Caccone et al. 1996) . In the A+T-rich region, however, nucleotide substitutions between D. melunoguster and the two sibling species are estimated to have accumulated to almost the same extent as those between D. yukubu and the two sibling species.
Discussion
Structure of the A+T-rich Region
The present results indicate that the nucleotide sequences of the A+T-rich regions in siII1 mtDNA of D. simuluns and mu1 mtDNA of D. muuritiunu are almost identical, as was observed in the coding region in mtDNA (Satta and Takahata 1990) . Comparing these sequences with those of D. melunoguster and D. yukubu reveals that they possess the same repeat elements as were reported in D. melunoguster (Lewis et al. 1994) . Solignac, Monnerot, and Mounolou (1986b) have indicated the presence of tandemly repeated elements in species in the melunoguster subgroup by restriction analysis using HpuI and AccI. The type II element, one of the repeated elements, is well conserved among the four species examined ( fig. 2) . A part of a 281-bp highly conserved sequence element found in the Drosophila species with the short A+T-rich region (Clary and Wolstenholme 1985, 1987; Monnerot, Solignac, and Wolstenholme 1990) and D. melunoguster (Lewis et al. 1994 ) is also noted within the type II element of the two species examined. For the B region, insertions/deletions of short sequences could have occurred during the evolution of this portion, as suggested by the alignment (fig.  3) . As both the highly conserved sequence element and the T-stretch are observed in all the species compared, the alignment is made so that the two sequence elements are firstly aligned. As a result of this alignment, the type I element was detected as the other element in D. simuluns and D. muuritiunu, and even in D. yukubu. The type I element has higher variability within the repeated elements than do the type II elements in D. melunoguster (Lewis et al. 1994) . Partial sequences of this element of D. simuluns, D. muuritiunu, and D. yukubu indicate that its sequence also varies between species. These findings confirm the previous observations that the half of the A+T-rich region where the type I elements reside is variable in size in D. melunoguster and in the other species (Fauron and Wolstenholme 198Ou, 1980b) . They further imply that the A+T-rich region consists of the two kinds of repeated elements irrespective of the size of the whole A+T-rich region, at least in the mehnogaster subgroup.
The origin of mtDNA replication has been mapped to the central portion of the A+T-rich region by electron microscopy (Goddard and Wolstenholme 1978, 1980) . In D. yakubu and other species with the short A+T-rich region, a stem-loop structure formed within the highly conserved sequence element in the type II element is considered to serve as an origin of replication (Clary and Wolstenholme 1987; Monforte, Barrio, and Latorre 1993) . In the A+T-rich regions of D. melunoguster, D. simuhns, and D. muuritiunu, however, the highly conserved sequence element exists in each of the type II repeat elements. The innermost repeat element is proposed to function as a replication origin with the conserved T-stretch adjacent to the element (Lewis et al. 1994) . As indicated in figure 4 , the structure adjacent to the innermost type II element of D. simuluns and D. mauritiunu is different from that of D. melunoguster and rather similar to that of D. yukubu. This suggests that the functional elements for mtDNA replication in D. melunoguster might be slightly different from those in the other three species, as discussed in the next section.
Function of the A+T-rich Region and Nucleotide Differences
The pattern of nucleotide substitutions observed in the A and B regions is peculiar as compared with previous studies in the melunoguster subgroup using mtDNA and nuclear DNA sequence data (Satta and Takahata 1990; Caccone et al. 1996) . Predominance of Table 3 Estimated Numbers of Nucleotide Substitutions per Site (6) transversions both in the A and B regions is partly due to an extremely high content of A and T in these regions. In the CO1 and ND2 genes in mtDNA, transversions at synonymous sites are observed more frequently as the species compared are more distantly related, whereas transversions predominate at the nonsynonymous sites (Satta, Ishiwa, and Chigusa 1987) . The situation observed in the A+T-rich region is quite similar to that at the nonsynonymous sites, except for the highly conserved sequence elements in the A region. The mutational bias proposed by Satta, Ishiwa, and Chigusa (1987) , in addition to the high A+T content, is one likely explanation for this, although functional constraint for each site seems quite different from those of the nonsynonymous sites. From these points, the estimation of nucleotide substitutions (table 3) to infer the phylogenetic relationship may be insufficient with regard to the A+T-rich region.
Nevertheless, the present results are somewhat curious in that the nucleotide differences between D. simuluns or D. muuritiunu and D. melunoguster we similar to those between the two species and D. yukubu (tables 1 and 2). In the alignments of the nucleotide sequences ( figs. 2 and 3) , it is noticed that the nucleotide sites in D. simuluns and D. muuritiunu, which are the same as those of D. yukubu, are frequently observed as compared with those which are the same as D. melunoguster: 25 and 37, respectively, in the A region, and 40 and 61, respectively, in the B region, excluding insertions/deletions.
The tendency is especially obvious in the highly conserved sequence element. Monforte, Barrio, and Latorre (1993). to D. melunogaster.
When the sequences of the highly conserved regions of the four species are compared with that of D. virilis (Clary and Wolstenholme 1987) , which belongs to a different subgenus from D. mehnogaster, an extremely high rate of nucleotide substitutions is also observed between D. mehnogaster and D. virilis (data not shown). Loss of functional constraint in the lineage could be a conceivable explanation for the acceleration. To examine this possibility, functional regions in the A and B regions are analyzed by assessing stem-loopforming sequences using the program MulFold (Zuker 1989; Jaeger, Turner, and Zuker 1989, 1990) . Figure 5 shows 75 variable sites found in the whole A region of the four species. It is worth noting that, within the subregion 2, in which a stem-loop structure has been reported in D. yakuba (Clary and Wolsten- holme 1987), many nucleotide differences are observed between D. melanogaster and the other three species. The nucleotide sequences of D. simuluns and D. mauritiana, which exactly correspond to the sequence forming the stem-loop structure in D. yakuba, were examined to determine whether they are capable of forming similar structures. The structure expected in the two species is indicated in figure 6 with that in D. yakuba with slight modifications from that by Clary and Wolstenholme (1987) , and it is found to be very similar to those reported in D. yakubu, D. virilis (Clary and Wolstenholme 1987) , D. obscura, D. ambigua, and D. teissieri (Monforte, Barrio, and Latorre 1993) . In D. melanogaster, however, such a structure is not formed in the corresponding sequence. Instead, a similar secondary structure is expected in another position (nucleotides 167-222). Therefore, in the lineage to D. melunogaster, some nucleotide substitutions in the subregion 2 could change the stem-loop-forming ability to accumulate further substitutions thereafter. Another secondary structure should function equally in D. melunogaster. This, in turn, suggests that each of the highly conserved sequence elements has some function, which may partly explain the high degree of conservation among the elements reported in D. melanogaster (Lewis et al. 1994) .
Similar analyses to detect the stem-loop-forming sequences were carried out for the B region, which is expected to include the origin of mtDNA replication of the long A+T-rich region. In contrast to the A region, nucleotide sites at which D. melunogaster is different from the other species are observed only in a part of the type I element ( fig. 3 ). Within this subregion of the type I element, some stem-loop structures are possible in the four species examined. However, these structures are different from those reported in D. yakuba and other species (Clary and Wolstenholme 1987; Monforte, Barrio, and Latorre 1993) in sizes of stem and/or loop (data not shown). A stem-loop structure which is equivalent to that of D. yakuba is expected within a 242-bp region of the innermost type II element present only in D. melanogaster (data not shown). In D. simulans and D. mauritiana, it may be necessary to analyze the whole innermost element of the type II for the assessment of the functional requirement in mtDNA replication. Detection of these stem-loop structures by Sl nuclease mapping is now in progress. At present, it is not clear that the unusual nucleotide substitutions in the B region are also explained by loss of functional constraint.
Although the function of these secondary structures and the exact position of the origin of mtDNA replication is not fully clarified yet in Drosophila, the present observation that the nucleotide differences are related to the stem-loop-forming capability should provide an important clue for a better understanding.
Further sequence analyses including the rest of the repeat elements are necessary to clarify the evolution of the A+T-rich region of D. melunogaster and its sibling species. The nucleotide sequence data reported in this paper will appear in the DDBJ, EMBL and GenBank nucleotide sequence databases with the following accession numbers: ABOO3095-ABO03098.
